There is an increasing interest in using natural fibres as reinforcing agents in composites. These fibres are considered to be a potential candidate to replace glass fibres in certain applications of composites. They have a number of advantages over glass fibres such as lower cost, lower density, non toxicity, recycleability and they are easier to process. However, natural fibres are not heat resistant like glass fibres and therefore they cannot be used with all polymer matrices. Furthermore, natural fibres are hydrophilic materials that do not adhere very well with most polymer matrices that are hydrophobic. Surface treatments are usually employed to improve adhesion in natural fibre composites. Nevertheless, the effect of these treatments upon the thermal stability of natural fibres has not been addressed sufficiently. In this letter seven grades of flax fibres were studied recently to determine their thermal stability profiles for potential use as reinforcements in composite materials. The results indicate that treated flax performs better than untreated flax. Acetylation and stearic acid treatments were found to increase the thermal stability of flax. Duralin flax was found to be sufficiently heat resistant to be usable with thermoplastics such as nylon 6, where the processing temperature is higher than it is for polyolefin matrices.
INTRODUCTION
Over the last few years there has been an increasing interest in using natural fibres as reinforcing agents in composite materials [1] [2] [3] [4] [5] [6] [7] [8] . A combination of properties, such as low cost, low density, non-toxicity, high specific properties, no abrasion during processing, and recycleability, all contribute to a rising interest from the manufacturing industry of low cost, low weight composites. Furthermore, public pressure for respect of the environment has led to the introduction of tougher legislation. This in turn has forced industry to turn to more environmentally friendly materials, with natural fibre composites being excellent candidates. However, natural fibres are not totally free of problems. They exhibit a hydrophilic character, which renders them unsuitable for certain applications. In addition, most potential thermoplastic matrices are hydrophobic and, due to this divergent polarity, the interface is quite weak. Fibre pretreatments, although having a negative impact on economics, are potentially able to overcome these limitations. Among candidate pretreatments are acetylation and stearic acid sizing, which previous studies have shown to have a positive effect on adhesion in flax/polypropylene composites [9] .
One other major limitation that is frequently encountered is degradation. Natural fibres are composed of a variety of chemical substances that present different degradation profiles. As a result the degradation profiles of natural fibres are often very complex. Degradation of the fibre during processing may have a detrimental effect upon the mechanical properties of the composite for two main reasons. Firstly, it changes the structure of the fibre with a negative impact on the mechanical properties and, secondly, the volatile degradation products usually create micro-voids across the interface that act as critical flaws and lead to extensive debonding and failure in service.
The main aim of the present study is to examine the impact of acetylation and stearic acid sizing on the degradation profiles of flax fibres for use as potential reinforcements with thermoplastic matrices.
EXPERIMENTAL 2.1 Materials
Seven different types of flax fibres were used in this study; green flax, dew retted flax, Duralin flax, acetylated green flax, stearic acid treated green flax, acetylated dew retted flax, and stearic acid treated dew retted flax. Green flax is flax as received from the plants. Dew retted flax is green flax that has undergone a bacterial action termed retting, in the fields [10] . Duralin flax is flax treated by a method developed by CERES BV, Netherlands, which involves the depolymerisation of lignin and hemicelluloses into lower molecular aldehyde and phenolic functionalities, followed by a subsequent curing that hydrophobises the fibre surface [10] . Acetylation was performed following the Rowell et al. [11] method. Stearic acid sizing was done via the vapour phase and is described elsewhere [9] . The moisture content was found to be different in each fibre type. Green flax, dew retted flax and Duralin flax were supplied by CERES BV, Netherlands.
Determination of thermal stability
Thermal stability was assessed by either dynamic or static thermogravimetric analysis (TGA) and differential thermogravimetric analysis (DTGA). In the dynamic test the sample was heated from 20°C to 450°C with a rate of 5°C/min in an atmosphere of air (65ml/min). A loss of 2% of the weight, recorded after all moisture has assumed to be lost at 150°C was chosen to define thermal stability following the Glasser et al. method [12] . In the static test the sample was heated to 200 °C at a rate of 10°C/min and then kept there for 2 hours in an atmosphere of either argon (40 ml/min) or air (40ml/min) to determine the total weight loss. All the thermal stability tests were performed in a Stanton-Redcroft STA-780 Series TGA-DTA, which has been calibrated using reference metals for the temperature and calcium oxalate pentahydrate for changes of weight with respect to temperature. Three samples were tested per fibre type for each test. All data were essentially the same and the differences between samples of the same fibre type were less than 1 °C in temperature, less than 0.07 % (with respect to the initial sample weight) in weight loss and less than 2.78 min in terms of time. The tabulated data are the median values and not average values. All the values of the differences are within the limits of standard error of the machine.
RESULTS AND DISCUSSION
In Table 1 the new results of the dynamic TGA tests are shown. It can be seen that Duralin flax has the largest temperature threshold (244°C) while green flax has the lowest temperature threshold (210.9°C). Acetylation clearly improved the thermal stability of both the dew retted and the green flax. The stearic acid treatment was also found to increase the thermal stability of the dew retted and the green flax. The T i (initial temperature of degradation, which is defined as the temperature where the slope of DTGA curve deviates from horizontal) suggest again that acetylation had a beneficial effect on the thermal stability of dew retted flax. Duralin flax showed the best performance in this case as well. The stearic acid treatment did not significantly increase the T i for dew retted flax. For green flax acetylation and stearic acid treatment had negligible effects.
In Table 2 the results from the static TGA (in Argon atmosphere) are shown. It can be seen that Duralin flax was found to be the most thermally stable of all the flax types. Acetylated dew retted flax was also found to be superior to dew retted flax. The stearic acid treatment had a negligible effect on the final weight loss, but the 2% threshold was reached far more quickly than it was for dew retted flax. In the case of green flax stearic acid treatment caused a significant improvement in thermal stability, as shown by both the time needed to reach the 2% weight loss threshold and the total weight loss after 2 hours. Acetylation was not found to have any significant effect on thermal stability of green flax. It is noteworthy that Duralin and acetylated dew retted flax did not reach the 2 % weight loss threshold after 2 hours at 120°C, which shows that these two grades of flax can be processed safely for use as reinforcements in polyolefinic matrices.
In an air atmosphere, higher values of weight loss were observed for all the seven types of fibre, as shown in Table 3 . This is expected since the presence of oxygen is known to accelerate degradation via an oxidation reaction path. Duralin flax was again found to be the most stable. Acetylated dew retted flax was found to be slightly more stable than dew retted flax. The stearic acid treatment had a profound effect on thermal stability of dew retted flax, as shown by both the time needed to reach the 2% weight loss threshold and the final weight loss. It is not still clear why this happened, but since thermal degradation of cellulose materials is a complex phenomenon, it is possible that the mechanism path of decomposition was different for stearic acid treated dew retted flax in air from what it was for the other flax grades. This suggestion is currently under investigation. Stearic acid treatment had a positive effect on green flax as well, although the time when the 2% threshold was reached was slightly less than it was for untreated green flax.
4. CONCLUSIONS 1. Duralin flax was found to be the most thermally stable of all the grades of flax fibres studied. 2. Acetyaltion was found to improve the thermal stability of flax fibres, especially in the case of dew retted flax. 3. The stearic acid treatment was also found to improve the thermal stability of dew retted flax, especially under conditions that simulate the actual processing conditions of polypropylene based composites. It was also beneficial for green flax fibres. 4. Duralin, acetylated dew retted and, perhaps, stearic acid treated dew retted flax are suitable to be used as reinforcements in nylon 6 composites, where processing temperatures are much higher than they are for polyolefin composites (the T m of nylon 6 is 225°C).
